Cell-free protein synthesis (CFPS) systems largely retain the endogenous translation machinery of the host organism, making them highly applicable for proteomics analysis of diverse biological processes. However, laborious and time-consuming cloning procedures hinder progress with CFPS systems. Herein, we report the development of a rapid and efficient two-step polymerase chain reaction (PCR) method to prepare linear DNA templates for a wheat germ CFPS system. We developed a novel, effective short 3′-untranslated region (3′-UTR) sequence that facilitates translation.
| INTRODUCTION
Whole-genome sequencing provides an opportunity for comprehensive analysis and discovery of genes that regulate the physiology and pathophysiology of diverse organisms. Cell-free protein synthesis (CFPS) systems have become a pivotal technology for post-genomic research due to the potential to produce a vast number of high-quality proteins in a relatively short time compared with traditional cellbased expression systems (Chong, 2014; Katzen, Chang, & Kudlicki, 2005) .
In a standard CFPS reaction, DNA templates are transcribed into messenger RNA (mRNA) with a bacteriophage RNA polymerase, followed by translation of mRNA in cellular lysates from Escherichia coli, rabbit reticulocytes, or wheat germ supplemented with amino acids and energy sources (Carlson, Gan, Hodgman, & Jewett, 2012; Henrich, Hein, Dotsch, & Bernhard, 2015; Zemella, Thoring, Hoffmeister, & Kubick, 2015) . As the lysates of CFPS systems largely retain the protein synthesis capability of the originating organism, prokaryotic CFPS systems provide access to abundant proteins without correct protein folding in some cases, whereas eukaryotic systems are more likely to maintain correct protein folding and functionality. Thus, CFPS systems can meet the requirements for high-throughput and functional screening of protein-protein interactions, protein-DNA interactions, enzymatic activities, post-translational modifications and other large-scale protein analyses.
In contrast to translation systems, the construction of linear DNA templates is time-consuming, and a more efficient cloning procedure is needed to improve protein analysis using the wheat germ CFPS system. When studying a small number of proteins, a complementary DNA (cDNA) can be cloned into a dedicated expression vector harboring a promoter sequence for an RNA polymerase and a binding site for initiation factors such as the 5′-leader sequence (Ω) of the tobacco mosaic virus. However, for large-scale protein screening and elaborate functional analysis, the use of expression vectors may not be the best option due to the laborious cloning procedure.
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In the wheat germ CFPS, two-step polymerase chain reaction (PCR) can be used to generate linear DNA templates directly from a plasmid by introducing sequences for the initiation of transcription and translation to the 5′-end of a coding sequence (Sawasaki, Ogasawara, Morishita, & Endo, 2002) . In addition, this method appends a vector sequence of approximately 1,200 nucleotides (nt) onto the coding sequence because a long 3′-untranslated region (3′-UTR) stabilizes translation in wheat germ extract, presumably by promoting circularization of mRNA. Thus, two-step PCR allows use of a variety of cloning vectors, but not necessarily specific expression vectors, for in vitro translation, and strongly supports high-throughput protein production. However, a long 3′-UTR limits the versatility of two-step PCR and the accuracy of protein analysis because (i) although some proteins may not be functional with an N-terminal tag, a C-terminal protein tag cannot be introduced by this PCR method; (ii) proteins can only be truncated at the N-terminus; and (iii) the direct synthesis of linear DNA templates from an mRNA pool is technically cumbersome. By overcoming these obstacles, the wheat germ CFPS system could contribute more to the identification and characterization of proteins.
To address these issues, the long 3′-UTR of the reverse primer could be replaced with a shorter, more effective 3′-UTR. In a yeast CFPS, a short (50 nt) poly(A) tail combined with the Ω sequence enhanced the translation efficiency in a cap-independent manner (Gan & Jewett, 2014; Russ & Dueber, 2014) . By contrast, in a wheat germ CFPS, the poly(A) tail does not initiate translation efficiently, even under the control of the Ω sequence. A recent study showed that viral 3′-cap-independent translation enhancers (3′-CITEs) promote translation initiation in a wheat germ CFPS (Ogawa, Tabuchi, & Doi, 2014) . However, because 3′-CITEs are ~150 nt in length, they are not likely to be suitable for reverse primers in two-step PCR.
Herein, we identified a short 3′-UTR sequence that robustly promotes translation in a wheat germ CFPS. Application of the short 3′-UTR to the two-step PCR successfully induced proteins with N-or C-terminal tags, as well as N-and/or C-terminally truncated proteins from the same plasmid. Our method provides a promising strategy for rapid, in-depth proteomics research using a wheat germ CFPS system.
| RESULTS AND DISCUSSION
| Optimization of the 3′-UTR for in vitro transcription and translation
Previous reports indicated that attachment of a poly(A)50 tail to a linear DNA template can increase the protein yield in a yeast CFPS (Gan & Jewett, 2014) . To confirm the effect of the length of the poly(A) tail on translation efficiency in a wheat germ CFPS, we carried out two-step PCR (Kamura, Sawasaki, Kasahara, Takai, & Endo, 2005; Sawasaki et al., 2002) . As shown in Figure 1a , a 5′-UTR consisting of a T7 RNA polymerase promoter (Studier & Dunn, 1983) , the translation enhancer (Ω), a protein tag (FLAG) and a linker was used as the forward primer. The sequence of the 5′-UTR and the following 18 nt corresponding to the 5′-terminus of the coding sequence was split into three parts with each fragment overlapping the previous part. For reverse primers, poly(A) tails of varying length (5, 10, 20, 30 and 40 nt) were used to link them to the 3′-terminus of the coding sequence to test the function of the various 3′-UTRs. Poly(A) tails of 10 and 20 nt induced the highest expression of both Arabidopsis NPR1 and AREB2 proteins, whereas those of 5 and 40 nt exhibited minimal or no expression (Figure 1b) . Previously, it was shown that effective protein synthesis in a wheat germ CFPS is dependent on the length of the 3′-UTR (~1,200 nt), but not on a specific sequence or poly(A) tail (Sawasaki et al., 2002) . As our data indicated a narrow optimum length of the poly(A) tail, we investigated the effect of a short poly(A) tail on cap-independent protein synthesis. Two-step PCR was carried out with a RIKEN Arabidopsis full-length (RAFL) vector originally possessing a poly(A)16 sequence downstream of the 3′-end of Arabidopsis WRKY18. Reverse primers corresponding to the vector sequence were designed to attach 3′-UTRs of varying length (50, 300, 600 and 1,200 nt; Figure 1c ) to the coding sequence. Then, the effects of mRNA concentration and the length of 3′-UTR on the protein yield were evaluated. As shown in Figure 1d , the optimum concentration of mRNA in the reaction mixture of in vitro translation was 0.2 μM for all the mRNAs with different lengths of 3′-UTR. Surprisingly, the protein yield of the 3′-UTR of 50 nt was higher than that of the 1,200-nt sequence. Then to examine whether a short poly(A) tail contributes to the translation efficiency, we made a transcription template of WRKY18 with or without a poly(A)16 sequence using the above mentioned RAFL vector. The 3′-UTR of 1,200 nt containing a poly(A)16 sequence enhanced translation compared to the 3′-UTR without poly(A)16 (Figure 1e ). Thus, we suggested that a short poly(A) tail, ranging between 10 and 20 nt, could promote the efficiency of translation when linked to a non-poly(A) sequence of an appropriate length. We thus attached a short 3′-UTR consisting of poly(A)10 and 47-nt sequences of the RAFL vector to WRKY18. Interestingly, the protein yield of the 57-nt 3′-UTR was higher than that of the 1,200-nt 3′-UTR (Figure 1e ), suggesting that a short 3′-UTR of an appropriate sequence could promote translation in the wheat germ CFPS. We then examined whether the order of poly(A)10 and the 47-nt sequences is important. Each of poly(A)10 and the 47-nt sequence facilitated translation to some extent; however, the highest yield was obtained by the 3′-UTR in which poly(A)10 was followed by the 47-nt sequence (Figure 1f) . In addition, we tested the 3′-UTR, consisting of poly(A)10 or poly(C)10 followed by the 47-nt | Genes to Cells NOMOTO aNd Tada sequence, to evaluate the specific role of poly(A)10 in the translation efficiency, and found that the protein yield was higher with poly(A)10 ( Figure 1g ). Finally, we confirmed that the average yield of proteins from the mRNA with the 57-nt 3′-UTR is approximately 3-5 μg per 55 μl of translation mixture using 0.2 μM mRNA and commercially available kits (data not shown), confirming the short 3′-UTR exerts a comparable translation efficiency with previously reported F I G U R E 1 Optimization of 3′-UTR for in vitro transcription and translation. (a) Schematic diagram of the two-step PCR method for attaching a poly(A) tail to a coding sequence. In the first round of PCR, the coding sequence is amplified using gene-specific primers. In the second round, the product from the first PCR step is linked to a sequence containing the T7 RNA polymerase promoter, the translation enhancer, a protein tag (FLAG), a linker sequence and a poly(A) tail. CS: coding sequence; NF: N-terminal forward primer; NR: N-terminal reverse primer. (b) Poly(A) tails of varying length (5, 10, 20, 30 and 40 nt) were attached to the 3′-UTR of NPR1 and AREB2 to evaluate the effect on protein synthesis. Solutions containing synthesized proteins (1 μl) were analyzed by reducing SDS-PAGE and Western blotting with an anti-FLAG antibody. method with a long 3′-UTR (http://www.cfsciences.com/eg/ tech04.html). These findings strongly indicate that a short 3′-UTR could be applicable to the wheat germ CFPS.
| Attaching N-or C-terminal tags to coding sequences via two-step PCR
Next, we evaluated whether a short 3′-UTR can be used in two-step PCR to generate linear DNA templates. Split reverse primers corresponding to the last 18 nt at the 3′-terminus of a coding sequence followed by the short 3′-UTR were designed and synthesized with poly(A)10 and non-poly(A)47 sequences (Figure 2a) . Two-round PCR was carried out on genes encoding Arabidopsis MAP kinase kinase (MKK) cloned into a Gateway cloning pDONR221 entry vector with the same forward primers as those shown in Figure 1a . Agarose gel electrophoresis confirmed that the synthesized first-and second-round PCR products and transcripts were of the expected molecular sizes (Figure 2b,c) . All MKK proteins tagged with N-terminal FLAG were detected as single bands ( Figure 2c , right panel), suggesting that the short 3′-UTR functioned to stabilize in vitro translation. We confirmed that genes cloned into other vectors, such as pENTR/D-TOPO, pUNI, pPZP, pGWB, pDEST, pET and pBluescript, also were successfully expressed in the wheat germ CFPS (data not shown).
As the fusion of a protein tag can alter the structure of a protein and may irreversibly affect the function, a proteomics analysis should be carried out using either N-or C-terminal tagged proteins, depending on the biochemical properties of individual proteins. We thus tested whether the short 3′-UTR could support the attachment of a C-terminal protein tag via two-step PCR. As shown in Figure 2d , split forward primers corresponding to the T7 RNA polymerase promoter followed by Ω and the first 18 nt of the 5′-terminus of the coding sequence were designed and synthesized. Reverse primers included the last 18 nt at the 3′-terminus of the coding sequence without the stop codon, followed by a linker, FLAG tag and the short 3′-UTR. We then carried out two-step PCR with a variety of cDNAs encoding Arabidopsis proteins of varying molecular sizes, including ERF1, WRKY18, TGA2, NPR1, MYC2 and phyB ( Figure 2e ). As shown in Figure 2f , all mRNAs and proteins were detected as single bands of the expected sizes. In addition, we succeeded in attaching small protein tags other than FLAG, including His, HA and Myc, to the N-and C-termini of target proteins by two-step PCR (data not shown). These results show that a full-length cDNA cloned into any vector could be used to express proteins with a variety of small tags attached to either the N-or C-terminus.
| Truncation of coding sequences by twostep PCR
The ability to truncate a protein can be extremely useful for characterizing its function, for example, when investigating protein-protein or DNA-protein interactions, and when identifying functional domains. However, two-step PCR only generates N-terminally truncated proteins as the reverse primer is designed to correspond to the vector sequence at a position ~1,200 nt downstream from the 3′-end of a coding sequence. In the present study, we tested whether a short 3′-UTR sequence could effectively produce N-and/or C-terminally truncated proteins with N-terminal FLAG tags, as depicted in Figure 3a . The Arabidopsis transcription factor WRKY18 has a DNA-binding WRKY domain at the C-terminus that is conserved among WRKY family proteins (Eulgem, Rushton, Robatzek, & Somssich, 2000) . We designed gene-specific primers for truncation based on the crystal structure of the WRKY domain (Duan et al., 2007) and protein secondary structure prediction (Figure 3a) . All linear DNA templates were amplified directly from the same plasmid harboring the full-length cDNA of WRKY18 (Figure 3b,c) and were subjected to in vitro transcription (Figure 3d, left panel) . The subsequent translation reaction showed that the short 3′-UTR was capable of stabilizing the mRNA and/or promoting translation in the wheat germ CFPS (Figure 3d, right panel) .
In the wheat germ CFPS, a long (~1,200 nt) 3′-UTR with a poly(A) tail is a critical factor for promoting translation under the control of the Ω sequence (Sawasaki et al., 2002) . In the yeast system, however, the Ω sequence from tobacco mosaic virus and a short poly(A) tail of 50 nt can enhance in vitro translation (Gan & Jewett, 2014) . Herein, we identified a short 3′-UTR sequence that supports cap-independent translation in the wheat germ CFPS. As the short 3′-UTR was ~60 nt in length, the sequence can be applied as a reverse primer in two-step PCR for the expression of proteins of interest with a small tag at the N-or C-terminus, as well as truncated proteins. Furthermore, we confirmed that the use of a short 3′-UTR can generate functional linear DNA templates from a cDNA pool made from mRNAs isolated from Arabidopsis leaves without the need for cloning (data not shown). Thus, our method provides a highly versatile platform for preparing linear DNA templates for the wheat germ CFPS system.
| EXPERIMENTAL PROCEDURES
| cDNA preparation
Total RNA was extracted using a previously reported protocol (Cao, Bowling, Gordon, & Dong, 1994) from Arabidopsis thaliana wild-type Columbia-0 treated with 0.5 mM sodium salicylate (Wako Pure Chemical Industries, Ltd, Osaka, Japan) and 50 μM methyl-jasmonate (SigmaAldrich Co., LLC., MO, USA), or inoculated with virulent Pseudomonas syringae pv. maculicola ES4326 (OD 600 = 0.001). To synthesize cDNA, 500 ng total RNA was processed using a PrimeScript RT Reagent Kit (Takara Bio Inc., Shiga, Japan) according to the manufacturer's protocol.
| Vector construction
The Arabidopsis thaliana genes AREB2 (ABA-RESPONSIVE ELEMENT BINDING PROTEIN 2, AT3G19290),
Genes to Cells NOMOTO aNd Tada AT1G73500), MYC2/JIN1 (JASMONATE INSENSITIVE 1, AT1G32640), NPR1 (NONEXPRESSER OF PR GENES 1, AT1G64280), phyB (PHYTOCHROME B, AT2G18790), TGA2 (TGACG SEQUENCE-SPECIFIC BINDING PROTEIN 2, AT5G06950) and WRKY18 (WRKY DNA-BINDING PROTEIN 18, AT4G31800) were amplified by PCR from the cDNA pool described above using genespecific primers (Table S1 ). PCR products were cloned into the pDONR221 entry vector using Gateway cloning technology (Invitrogen, CA, USA).
The WRKY18 gene cloned into the RAFL vector (pda18109) was provided by the RIKEN BioResource Center (Tsukuba, Japan).
| Preparation of linear transcription templates
In vitro transcription templates were prepared by a slightly modified two-step PCR process (Sawasaki et al., 2002; Takai, Sawasaki, & Endo, 2010) . All primers for transcription templates and PCRs are shown in Tables S1 and S2. To attach an N-terminal protein tag to a linear DNA template, two-step PCR was carried out. In the first round, a forward primer with a linker sequence and the first 18 nt of the coding sequence was designed and synthesized, along with a reverse primer consisting of the last 21 nt of the coding sequence, including the TAA stop codon, followed by 34 nt of the short 3′-UTR sequence (1st-gene-specific-NF and 1st-gene-specific-NR primers). In the second round, these four kinds of forward and reverse primers were used to attach protein tag and the short 3′-UTR. A forward primer possessing the T7 RNA polymerase promoter sequence (Studier & Dunn, 1983) , the translation enhancer (Ω), a protein tag (FLAG) and a linker was connected to the 5′-end of the PCR product from the first step by overlapping the linker sequence (2nd-T7-NF2 and 2nd-protein tag(FLAG)-NF1 primers). A reverse primer containing part of the short 3′-UTR sequence was linked to the 3′-end of the first PCR product (2nd-SU-NR1 and 2nd-SU-NCR2 primers). Each of these forward and reverse primers was split into two parts to adjust the Tm values (Figure 2a) , and these four primers were used in one PCR to attach the short 3′-UTR of 57 nt (AAAAAAAAAAGAGCTCTTGGAT C C G G C C A T A A G G G C C T G A T C C T T C G A GGGGGGGCC). PCR products from the first and second rounds were subjected to agarose gel electrophoresis to check the molecular weights.
To attach a C-terminal protein tag, a forward primer for the first PCR step containing part of the Ω sequence followed by the first 18 nt of the coding sequence was designed and synthesized (1st-gene-specific-CF primer). A reverse primer with the last 18 nt of the coding sequence without a stop codon followed by the linker sequence was also used (1st-gene-specific-CR primer). For the second PCR step, a forward primer consisting of the T7 RNA polymerase sequence (Studier & Dunn, 1983 ) and the Ω sequence was used (2nd-T7-CF primer). A reverse primer harboring a linker sequence followed by a protein tag (FLAG) and a short 3′-UTR was also designed and synthesized (2nd-protein tag(FLAG)-CR1 and 2nd-SU-NCR2 primers). The sequence was again split into two parts to adjust the Tm values (Figure 2d) , and PCR products were subjected to agarose gel electrophoresis before use. In addition to the aforementioned sets of primers used in the second round of PCR, the corresponding coding sequences were used to generate transcriptional templates for N-and/or C-terminal truncations (Figure 3a,b) .
| In vitro transcription and translation
In vitro transcription was carried out using products from the second PCR step and a transcription kit (NUProtein Co., Ltd, Nagoya, Japan) following the manufacturer's protocol. Twenty-five microliters of reaction mixture containing 2.5 μl of the second-step PCR product and 1 μl of T7 RNA polymerase was incubated at 37°C for 3 hr. After incubation, 1 μl of the transcription product was separated by 1.5% agarose gel electrophoresis to check the size and quality of mRNA. The rest of the sample was gently mixed with 10 μl of 4 M ammonium acetate and 100 μl of 100% ethanol and incubated on ice for 20 min. The supernatant was discarded after centrifugation at 15,000 rpm for 20 min at 4°C. The dried pellet was resuspended in 70 μl of DEPC-treated water (Invitrogen). The RNA solution was mixed with 20 μl wheat germ extract (WGE) and 20 μl amino acid mix (NUProtein) and incubated at 16°C for 10 hr.
| Sodium dodecyl sulfatepolyacrylamide gel electrophoresis and Western blotting
Solution containing synthesized proteins (1 μl) were incubated in 11 μl sample buffer containing 75 mM Tris-HCl (pH 6.8), 15% (w/v) glycerol, 0.03% (w/v) bromophenol blue, 3% (w/v) sodium dodecyl sulfate (SDS), and 200 mM dithiothreitol at 70°C for 20 min. Samples were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) with a Bio-Rad system (Bio-Rad, CA, USA), and proteins were transferred onto a nitrocellulose membrane (GE Healthcare UK Ltd, Buckinghamshire, UK). Western blotting was carried out with an anti-FLAG (DYKDDDDK) tag antibody (diluted 1:2,000; Wako Pure Chemical Industries) and a goat anti-mouse IgG-HRP (diluted 1:1,000; Cosmo Bio Co., Ltd, Tokyo, Japan) and visualized using the SuperSignal West Pico Substrate (Thermo Fisher Scientific K.K., Yokohama, Japan). Protein yields were evaluated by FusionCapt Advance (Vilber Lourmat, Marne-la-Vallée, France).
